ABSTRACT
The growth plate has a limited self-healing capacity. Fractures sustained to the growth plate of young children could cause growth disturbances like angular deformity or growth arrest. Established therapies for injured physis only address related complications. Mesenchymal stem cells (MSCs) are multipotent cells which are capable of differentiating into various cells of the musculoskeletal system. Various MSC types have been tested for physeal regeneration, through in vivo lapine, porcine and ovine models, for the duration of 4-16 weeks. The created defect sizes ranged from 7-50% of the growth plate area, to simulate clinically-encountered cases. In vitro models have also been investigated, as a means to screen potential treatments. The effects of MSCs gathered from these models have revealed its function in the prevention of bone bridge formation, with the subsequent development of organized physeal repair tissue. Possible influential factors like the number of implanted MSCs, preconditioned state, growth factors, chondrocyte-MSC interaction and scaffolds are discussed. Possible further studies to optimize physeal repair based on MSC therapy in articular cartilage are also included.
INTRODUCTION
This article discusses the reported and possible uses of MSCs and stimulatory elements that would assist in physeal defect repair. This was conducted by performing a search through PubMed, of related English collections over the past 2 decades, using associated terms like zonal, chondrocytes, repair, MSCs and growth factors. Some of the cited researches are of treatments carried out on articular cartilage, for the purpose of extrapolating MSC behaviour.
PHYSEAL DEFECTS AND MSC AS A POTENTIAL REPAIR SOURCE

Physeal injuries and treatment
The physis, also named as growth plate, is a band of hyaline cartilage located at the end of long bones between the epiphysis and metaphysis, and is responsible for bone lengthening during growth. The physis is prone to injuries due to its fragile nature but has limited self-healing capacity due to its avascular state (1) . An estimated 15% of all pediatric fractures reportedly involve the physis and 15% of these lead to growth disturbance which would advance to progressive angular deformity or growth arrest (2) .
Established therapies for the injured physis currently only address related complications. Growth plate fractures impair the well-orchestrated growth process (3), leading to a trilogy of vascular invasion, matrix mineralization and bone bridge formation. If the bone bridge affects only a localized section of the physis, the remaining physeal cartilage would continue to produce bone, thus causing disruptions in junction function which would eventually lead to limb angular deformity. These patients will require complex limb lengthening surgeries which is associated with many complications. Realignment surgery is routinely done to treat angular deformity (4), while growth arrest had been remedied by surgical epiphysiodesis or lengthening of the involved or contralateral bone. Over the last two decades, progress made in the area of cartilage repair through chondrocyte or stem cellbased therapies have reignited hope in this field. Although the studies are limited to animal models, they offer promising therapies which have the potential to be applied clinically.
Chondrocytes have been investigated in the treatment of physeal repair (5, 6) . In rabbit studies, physeal defects were created at the medial half of the proximal growth plate to generate a growth arrest model. Bone bridge excision was carried out, followed by the implantation of chondrocyte-embedded agarose. Through this therapy, growth arrest with angular deformation of the tibia was prevented (6) . Since then, the use of cultured chondrocytes as interpositional material after physeal bridge resection had been actively researched on (7, 8) . The transplantation of physeal chondrocytes isolated from fetal sheep into surgically created physeal defects in lambs aged 5 to 13 weeks resulted in repopulation of the physeal tissue and the prevention of bone bridge formation (5) . However, the use of chondrocytes as a tissue source would involve donor site morbidity. Another limitation with its usage is the phenotype loss which chondrocytes typically undergo after multiple passages (9) , which makes it difficult to obtain high cell numbers sufficient for therapy. A population of cells with stem-like properties had been discovered in physeal tissue. The resting zone regenerated excised proliferative and hypertrophic zones within one week in rabbits (10) . Chondroprogenitor Cells (CPCs) located in the resting zone was postulated to be the cellular source for the observed tissue repair. Unfortunately, the percentage of stem-like cells that can be retrieved from growth plate cartilage would be a fraction of the sparse population of chondrocytes.
MSCs for physeal repair
MSCs are easily isolated from a number of tissues including bone marrow (11) , adipose tissue (12), periosteum, (13) synovium (14, 15) , and muscle (16) All organs and tissues have a resident population of MSCs. Hence it is not surprising to see that various tissue types have been tested as possible cell sources for physeal regeneration. These include the periosteum (13, 19, 20) , bone marrow (20) (21) (22) (23) (24) , adipose tissue (20) and synovium (15) . The treatment of physeal disorders requires an MSC tissue source which can be obtained with little or no detrimental effects at the donor site. Bone marrow can be easily aspirated from the iliac crest while adipose tissue can be harvested from subcutaneous abdominal tissue. The sites from which the MSCs are harvested have been shown to affect their suitability as a source of cells for physeal repair. Varying percentage of MSCs have been found in tissue types, with adipose tissue containing higher frequency of MSCs than bone marrow (25) and bone marrow containing significantly greater MSCs compared to umbilical cord (26) . We have compared MSCs from bone marrow, periosteum and adipose tissue for their ability to correct defects using the rabbit physis defect model (20) . MSCs from all three tissue sources were found to significantly correct varus angular defects as well as leg length discrepancies and prevented bone bridge formation in comparison to the control tibiae injected with fibrin glue alone. However, significantly enhanced defect correction was attained in tibiae injected with bone marrow-and periosteumderived MSCs only, where the MSCs were found to have differentiated into physeal chondrocytes which integrated with the host tissue while adipose-derived MSCs developed into randomly-arranged chondrocytes. It is possible that the chondrogenesis of adipose-derived MSCs have not been fully optimized.
MSCs' low immunogenicity, most likely conferred by the absence of MHC class 2 surface markers (27, 28) , makes them suitable for allogeneic implantation and it is especially beneficial since physeal injuries afflict young, skeletally immature patients who are unlikely to be amenable to repeated clinical procedures. MSCs possess immunosuppressive properties, observed from their inhibitory effect on T-cell proliferation (29) . Hence MSCs could potentially be utilised immediately after the detection of physeal injury as inflammation is the first stage in the physeal repair process, succeeded by fibrogenic, osteogenic and maturation phases (30) . This is unlike CPCs, where their chondrogenic potential was unfortunately inhibited under inflammatory conditions (31) . In a recent study, Planka et al compared the effect of implanting autogeneic and allogeneic BMSCs on physeal repair and did not detect any significant difference in the femur length, valgus deformity or phenotype of the newly formed cartilaginous tissues in rabbits transplanted with either MSC sources (21).
PHYSEAL DEFECT MODELS
In vivo model
From 1990 till now, there had only been 8 in vivo physeal-defect repair studies done where MSCs-embedded scaffolds were implanted, one each into ovine (23) and porcine models (24) , while the rest were conducted in rabbit models (13, 15, (19) (20) (21) (22) . It must be noted that small animal models like rabbits have excellent regeneration abilities but are limited in their ability to simulate human joint conditions as physeal thickness and chondrocyte behavior differs between species. Larger animal models such as goat and pig can better approximate human joints biomechanically (6, 19) .
The experimental design employed was highly similar between the in vivo studies. They involved the defect creation sufficient to induce bone bridge formation, the excision of bone bridge 3 weeks after, and the implantation of scaffold, cell-embedded scaffolds (13, (19) (20) (21) (22) (23) (24) , or scaffold-free 3-dimensional (3D) cell construct (15) . Recent in vivo research using cells in physeal repair could be categorized into three kinds of defect models; traumatic physis injury at one side, iatrogenic injury in the center of physis, such as the injury caused by ACL reconstruction in juvenile patient, and Salter Harris Type II fracture, to mimic the types of commonly-occurring physeal fractures. However, research on the use of MSCs for physeal repair has only addressed the first two fracture types. Chen et al's model is representative of the first category (13) . This model was made at the medial half of the proximal tibial physis in 6 weeks old New Zealand White (NZW) rabbits by using #15 scalpel blade to damage the physis and small curette to remove the debris. In a larger 8 week old ovine model, 1 cm 2 defect with 0.5 cm height was created with a dental burr (23). All of abovementioned defects were created at the medial part of the proximal tibial physis. Planka et al created rabbit and porcine model defects, which are representative of the second category. A canal defect was created in the central lateral part of the distal femoral physis through a 3.5mm or 6 mm drill bit (21, 24) . The defects created in the animal models were reported to be 7-9% (21, 24), 50% (13, 19) or greater than 50% (20) of the growth plate area.
Limb length and angular deformity were used as the criteria to evaluate the animal models as they are the two critical clinical changes caused by physeal injuries. Follow-up studies in the rabbit model were conducted at 4, 6, 8 and 16 weeks. Differences in limb length and angular deformity between therapy and control groups became significant beginning from 4 weeks postoperatively. This was observed to last up till 16 weeks post-implantation, after which the proximal tibia physis would close (32).
In vitro model
The development of a suitable in vitro model, despite lacking the dynamic physiological environment present in vivo, would provide an invaluable, controlled, cost-effective way of screening potential physeal treatments.
In our laboratory, we have observed the formation of zonal physeal cartilage from the differentiation of human bone marrow MSCs (33) .This was achieved through seeding Bone Marrow Stem Cells (BMSCs) in an agarose scaffold, with access to the culture medium limited only to the scaffold surface. The cells were differentiated through the sequential addition of 10 ng/ml Transforming Growth Factor beta (TGFβ)3 followed by 100 ng/ml Bone Morphogenetic Protein (BMP2). The in vitro tissues developed a heterogeneous population of proliferating and hypertrophic chondrocytes. Histological sections revealed zonally-aligned chondrocytes, with less mature chondrocytes located at the base of the construct while hypertrophic chondrocytes and matrix mineralisation were observed closer to the surface of the construct.
A separate in vitro experiment studied MSC chondrogenesis for 2 weeks followed by hypertrophy induction through TGFβ3 withdrawal and the introduction of 1 nM of hormone triiodothyronine. MSC-derived chondrocytes went through a series of differentiation stages similar to those observed in the growth plate, with the potential for terminal differentiation (34) .
In vitro models can be used to gain more information on mechanistic functions. The implantation of MSCs into physeal defects would result in the close proximity of implanted MSCs with host chondrocytes of the surrounding cartilage tissue. Recent MSC and chondrocyte co-cultures in vitro have shown that improved chondrogenesis was obtained when MSCs and chondrocytes were grown alongside each other (35, 36) to mimic the in vivo environment. In vitro co-culture techniques had been carried out to study the trophic effect of MSCs, where the replacement of 75% chondrocytes by MSCs still induced a robust chondrogenesis (35) . The coculture technique was also employed to form an in vitro MSC-derived osteochondral interface with calcified cartilage interface separating a non-calcified cartilage layer and an underlying bone layer (37).
EFFECT OF MSCS
Prevention of bone bridge formation
Bone bridge resection coupled with the insertion of various implants, was a technique introduced in 1967, to alleviate partial closure of the growth plate (38) . Since then, a variety of materials have been investigated for this purpose. Examples include silica gel (39), cartilage (40) , free growth plate (41) , and vascularized growth plate (42), bone wax (43), fat (44) and periosteum (40) . However, these interpositions could not halt the formation of bone bridges at the injured growth plate.
Scaffolds provide a physical infrastructure for cells like chondrocytes and MSCs. Its use in physeal repair had evolved from being inert interpositional material to bioactive vehicles. From very soft fibrin glue (20) to Gelfoam (22, 23) , scaffolds of various mechanical characteristics have been used in physeal studies. The scaffolds which have been investigated in in vivo physeal repair model include Gelfoam (22, 23) , agarose (13) , sodium hyaluronate and type I collagen (21) , chitin (19) , and type I collagen with chitosan micro and nano fibers (24) . Although no significant differences were observed between these materials, the scaffold's physical state could influence cell containment. Cell leakage was encountered when a liquid-state 5% gelatin scaffold was used (22) .
McCarty et al reported that the implantation of MSC-seeded gelatin-based Gelfoam into ovine physeal defect prevented formation of a bone bridge (23). However, bone bridge formation was still detected with the usage of Gelfoam in the rabbit model (22) . The favourable outcome in the ovine model could have been due to a higher (4x10 6 ) cell number used. The use of scaffolds alone has mostly been observed to be insufficient in preventing the formation of bone bridges (13, (19) (20) (21) 24) .
The manipulation of MSCs into a 3D structure to avoid the usage of scaffolds could not prevent the formation of bone bridges (15) . In the instances when MSCs were implanted with scaffolds into physeal defects in both small and large animal models, the formation of bone bridges was consistently inhibited (13, (19) (20) (21) (22) (23) (24) . We postulate that MSCs play a greater role in bone bridge inhibition, but that scaffolds have an additive effect on the inhibitory process. The varus angulation of the animal models was also significantly corrected (13, (19) (20) (21) 24) compared to control groups without MSC implantation, where severe angular angulations of 30°-50° were observed (13, 19, 20, 22) . The absence of bone bridge formation in the MSC-treated physeal defects compared to control was observed starting from 6 weeks post-implantation (22) , and till up to 8 weeks (13, 19, 20) . It could be longer but at the longest time point of 16 weeks, the disappearance of the physeal line did not allow any further conclusions to be reached in the rabbit models (19, 20) . For the bigger-sized ovine and porcine models, the absence of bone bridge formation lasted up till 5 weeks (23) and 4 months (24), respectively.
Various factors could have contributed to the tissue repair observed. The state, number of implanted MSCs, matrix synthesized and bioactive factors released could have played a part in repopulating the defect and the prevention of bone bridge formation.
Number of Implanted MSCs
The numbers of MSCs implanted into the animal models were usually 1.6-2 x10 6 cells (20) (21) (22) 24) , except for the ovine model (23), where 4x10 6 cells were used. Despite the creation of large physeal defects amounting to 50% of the proximal physis (20) , the seeding range seems adequate to prevent bone bridge formation. While proliferation of MSCs in vitro is optimal at low seeding density of 10 3 cells/cm 2 (45), the reverse is, at most part, true for in vivo implantations. A high seeding density could provide a condensed environment favourable for cell-cell and cellmatrix interaction, but necessary for chondrogenesis. Mechanical compaction of chondrocytes was found to result in concentrated matrix content and improved compressive properties of cartilage constructs (46) . A seeding density of 3x10 5 cells per 226mm 3 was found to be optimal for umbilical cord stem cells compared to 5x10 4 cells, which led to a reduced osteogenic differentiation potential (47) . This highlights that to achieve the best repair possible, the seeding density of MSCs would have to be optimized, depending on the defect size, location and possibly scaffold material.
Predifferentiated MSCs
Undifferentiated BMSCs were found to be capable of forming cartilage tissue postoperatively (13, 19, 20) , but predifferentiation was an additional step undertaken by some groups (21-24), possibly to commit MSCs further into the chondrogenic lineage. Mature chondrocyte-derived cartilaginous tissues were found to be more resilient to inflammatory IL-1B and could induce chemokines transforming growth factor (TGFβ)-1 and monocyte chemoattractant protein-1 which are necessary for tissue repair (48) . The MSC treatment seemed to succeed in preventing bone bridge formation regardless of a prior conditioning step, except in Yoshida et al's study (15) . Nonetheless, MSCs predifferentiated in a chondrogenic cocktail containing 10ng/ml TGFβ3 for a period of 10 days led to a better repair outcome in rabbit model (22) , as seen from the absence of any significant varus deformity, and the histological evidence that irregularly-arranged chondrocytes were present in columns. Preconditioning of MSCs in chondrogenic medium for 1 day, at a higher concentration of 100 ng/ml TGFβ1 resulted in reduced angular deformity, but did not affect the limb length in a rabbit model (21) . Experimental data taken from a similar study done in a minipig model, which exposed allogeneic porcine MSCs to chondrogenesis-inducing medium, successfully prevented the occurrence of angular deformity and increased limb length (24), independent of scaffold type. The improved repair outcome achieved could have been due to an accelerated repair obtained in the MSC-treated samples. Predifferentiated MSCs were also implanted into an ovine model but did not form neocartilage-like tissue, possibly due to a very short postoperative time frame of 5 weeks (23). In the abovementioned studies, the postoperative time point for analysis ranged from 6 weeks (22) to 4 months (21). Another possible reason could be that the exposure of MSCs to chondrogenic medium was only prior to implantation, unlike the 1 day (21, 24) and 10 days (22) noted in other studies.
Growth factor TGFβ
Proliferation and differentiation in the physis are tightly coordinated by hormonal and paracrine factors which work in concert. Chondrocytes respond to various growth-regulating hormones, peptide-signaling proteins and immunoregulatory cytokines (1) . In vivo, exogenous growth factors modulate the proliferation, migration and differentiation of cells from edges of treated defects (49) . In vitro, growth factors have similarly been shown to drive proliferation and differentiation of MSCs (50, 51) .
The choice of TGF as the growth factor for predifferentiation in all 8 of the mentioned in vivo studies could be due to its constitutive expression in the growth plate. TGFβ1 can induce MSC proliferation (52) and TGFβ1-containing scaffolds were observed to result in significant cellular proliferation (53) . TGFβ is also essential for MSC chondrogenesis. Although recruitment of MSCs into chondrogenesis has been shown by the simultaneous addition of TGFβ1 and other factors (51), when used singly, it can drive MSCs into chondrogenesis (54) . MSCs transfected with either TGF isoforms β1 (55) or β3 (56) were reported to induce chondrogenesis. Under serum-free chondrogenic differentiation medium, MSCs treated with either TGFβ1 or TGFβ3 underwent hypertrophy (57), similar to chondrocyte behaviour (58) . The ability of MSCs treated with TGFβ1 or TGFβ3 isoforms to undergo hypertrophy was inversely proportional to the length of prior chondrogenic differentiation (58) . The subcutaneous implantation of constructs containing TGFβ3 microspheres into nude mice led to the formation of hypertrophy at 8 weeks postimplantation. The absence of any correlation between TGFβ pre-treated cells and physeal repair could indicate that the usage of TGFβ alone in the predifferentiation cocktail is insufficient for subsequent in vivo physeal repair.
Extracellular matrix (ECM)
One of the explanations for the physeal repair observed was postulated to be due to the ECM-like nature of the scaffolds used. Chitin contains polyheterosaccharide which structurally resembles glycosaminoglycan found in cartilage (19) while Gelfoam, a porcine-derived gelatinous material, has the ability to trap water, thus mimicking the function of ECM (23) which resists compressive forces.
MSCs can also synthesize cartilaginous ECM. The ECM is integral for cell-matrix communications, to compensate for the lack of cell-cell interaction due to the isolated nature of the chondrocytes. Integrins are heterodimeric transmembrane receptors that enable communication between MSCs and the ECM (59). Integrins specific for fibronectin, vitronectin, collagens and osteopontin were hypothesized to play important roles in the generation of ECM, which in turn influenced maintenance of chondrocytic phenotype during chondrogenic differentiation of BMSCs and cord blood stem cells (60) . Integrin-ECM contacts change during hMSC differentiation and surfaces presenting defined peptide sequences could be used to target α5, αV, β1 and β3 integrins to indirectly influence hMSC differentiation (60, 61).
Trophic effect of MSCs
Tracing of the labelled MSCs in several of the reported in vivo physeal repair studies has revealed that MSCs remained in situ at the implanted defect site for up to 3 weeks (21, 22) . The cellular source of repair was shown, through labelling with immunofluorescent DiI lipophilic tracer dye (22) , CM-DiI and iron oxide nanoparticles Resovist (21) , to have been from MSCs which underwent differentiation to form chondrocytes. However, the increased cartilage formation in MSC-chondrocyte cocultures was postulated to be due to MSCs' trophic effect, which stimulated chondrocytes to proliferate and deposit matrix, rather than differentiation into chondrocytes. This was based on the observation that human MSCs became undetectable in pellet cocultures of human MSCs and bovine primary chondrocytes (62, 63) . In a separate MSC-chondrocyte coculture experiment, a mutually beneficial effect was seen, where MSCs were found to enhance the proliferation of chondrocytes while chondrocytes enhanced MSC chondrogenesis (64) . Put together, data gathered from various research publications show that MSCs generate and could also influence the production of ECM which is conducive for the dynamic interaction between cells and its surrounding matrix.
Formation of organized physeal repair tissue from the use of MSCs
The prevention of bone bridge formation has to be accompanied with the formation of zonal physeal tissue, so as to allow a functional restoration. Proper physeal tissue regeneration could be measured from the degree of reconstruction achieved in the repair tissue. While the formation of the proliferative physeal zone was observed in a study by Ahn et al (22) , histological analysis in four other rabbit studies (13, 15, 19, 20) also showed chondrocyte columnation strongly resembling the zonal physis tissue, despite the excision of more than 50% of the proximal physis (20) . The reconstruction of columnar physis structure was obtained through the use of MSCs seeded into scaffold materials like agarose (13), chitin fiber mesh (19) and fibrin glue (20) , which showed comparable function in supporting implanted cells. Gelfoam sponge, fabricated from gelatinous porcine skin also achieved physeal repair within 6 weeks in a rabbit model (22) although it must be noted that the cells at the repair site were not linearly arranged. Histological analysis of MSCseeded Gelfoam scaffold implanted for 5 weeks in an ovine model showed repair tissue which was not zonallyarranged, devoid of chondrocytes but consisted of a predominantly dense fibrous tissue (23). A possible explanation is that the prevention of bone bridge formation seen at 5 weeks post-implantation occurs prior to tissue remodelling processes. Further studies could be carried out to investigate if physeal tissue regeneration could be achieved in the ovine model at later time points.
Morphogen gradients
Chondrocytes in the physis are encased in extracellular milieu, where components vary according to the cartilage zone, with type II collagen and type X collagen constituting the predominant portion of the proliferating and hypertrophic zones respectively. The ECM has been discovered to contain positional signals, where morphogen gradients are established (65, 66) through proteoglycans (66). Proteoglycans are glycoproteins with an architecture consisting of glycosaminoglycan subunits linked to a protein core, and could influence morphogen receptor, binding affinity and cell response to secreted proteins. Gradients enable the diffusion of morphogens, which form polarized tissue and would develop into distinct cartilage zones observed in physis (67) . The ability of MSCs to reproduce cartilaginous ECM is advantageous for physeal repair (13, (19) (20) (21) (22) 24) . MSCs were also found to synthesize chondrogenically superior ECM containing longer core protein and chondroitin sulphate (CS) chains than chondrocytes from age-matched or younger cartilage (68) . The presence of two major cartilaginous ECM components, CS and hyaluronic acid (HA) in scaffolds accelerated the chondrogenic process, which facilitated a significant up-regulation in expression of chondrogenic transcription factor SOX9 (69) . ECM also optimized the effect of TGFβ1 in inducing chondrocyte differentiation (70).
Growth plate orientation factor (GPOF) and thyroid hormones
Growth plate orientation factor (GPOF) was mentioned by Abad et al in 2002 to describe the morphogen hypothesized to have the capacity in directing the alignment of proliferative chondrocytes into columns perpendicular to the growth plate within one week (10) . Although the morphogen was not characterized, thyroxine, a thyroid hormone present in serum was recognized as a driving force behind columnar formation of cartilage tissue from chondrocytes (71). The addition of 50nM thyroxine to BMSCs induced the further differentiation of BMSCs into hypertrophic chondrocytes (72) . Triiodotyronine, which contains one less iodine atom compared to thyroxine, was observed to similarly stimulate MSC hypertrophy (73) , although the effect seemed to be dosedependent, as 10 pM dose led to osteogenic differentiation of rat MSCs, but 1 pM had a reduced osteogenic effect and 10 5 pM dose reversed the effect (74) . Although the zonal formation was not seen in MSCs treated with thyroid hormones, further research on its use with other factors could possibly reveal effects on columnar formation.
Scaffolds and pore sizes
The pore sizes in a scaffold could influence the outcome of MSC differentiation. Chitin (19) and chitosan (24) scaffolds with 100-300 µm-sized pores were used in physeal repair. Columnar-organised tissue was reported in the rabbit model (19) . Although this was not seen in the pig model, the defect site was filled with hyaline cartilage (24) . The construction of polymer scaffolds containing pore size gradients was found to influence the zonal organization within tissue-engineered cartilage constructs. In vitro cell seeding showed that pore-size gradients promoted anisotropic cell distribution highly resembling articular cartilage zones (75) . Recently, microsized pores of 27-29µm were seen to be more beneficial for chondrogenesis compared to nanosized pores (76).
Further research:
Possible further studies to optimize physeal repair, based on MSC therapy in articular cartilage repair 5.
MSC seeding onto scaffold
Conventional diffusion-based in vitro culturing of MSCs has been found to result in uneven cellular distributions at the scaffold periphery. MSCs seeded onto prepared scaffolds have been observed to remain aggregated at the scaffold surface (22) . This could be further optimized, as dynamic rotational culturing encouraged cellular migration, which penetrated throughout the whole scaffold (77) . In another study, the usage of rotating bioreactors to provide a dynamic laminar flow was found to lead to a better overall tissue structure and composition for engineered cartilage, compared to static culture (78).
Fibroblast growth factor (FGF)
The usage of TGFβ alone has been shown to be inadequate to repair physeal defects. However, perhaps TGFβ's effects could be improved on, possibly through the inclusion of other complementary growth factors. An example is Fibroblast growth factor (FGF)-2 also known as basic FGF, which is secreted by growth plate chondrocytes (79, 80) . Fibroblast growth factor (FGF) influences cell proliferation and differentiation of many cell types during development and tissue repair. The administration of FGF2 through an osmotic pump for one day was found to be successful in the recruitment of MSCs to induce articular cartilage repair (81) . MSCs treated with 1ng/ml FGF2 during expansion showcased significantly improved cellular proliferation, and maintained chondrogenic ability up till 46 (82) and 50 (83) population doublings. At a higher dosage of 10ng/ml, a similar pattern was observed, although the extent was reduced to 30 population doublings (84) . It was recently reported that 1ng/ml of FGF2 led to a better upregulation in Sox9 levels compared to 10ng/ml of FGF2, but both conditions eventually led to an earlier initiation of chondrogenesis in human bone marrowderived MSCs (85) . It was discovered that FGF2 selectively encourages, within the heterogeneous pool of MSCs, the survival of a subset of progenitor cells which possess longer telomere lengths. This characteristic had been linked to a superior chondrogenic capacity (82) . FGF2 also primes MSCs for chondrogenesis by increasing Sox9 protein levels in both proliferating and non-proliferating hMSCs (86) and by preventing cellular senescence (87) . The favourable effect of FGF on chondrogenesis in the abovementioned studies was observed after its usage during MSC expansion, and could be useful for physeal repair. It must be noted however, that FGF2 treatment during chondrogenic differentiation eliminated the chondrogenic effect brought about by BMP6 and TGFβ3 in MSCs derived from adipose tissue (88) . FGF is also involved in the induction of chondrocyte hypertrophic differentiation, and is a BMP antagonist (89).
Dynamic compression
Growth plate chondrocytes are not spared from the compressive and tensile forces experienced in the knee. Mechanobiology conditioning like hydrostatic pressure, osmotic pressure, shear and ultrasound and compression affects the physeal tissue (90). Although the effect of dynamic compression on MSCs implanted into physeal defects is unknown, MSCs subjected to dynamic compression in articular cartilage defects responded by exhibiting temporal and spatial changes in the expression of cartilage marker genes (91) (92) (93) . MSCs are sensitive to mechanical loading only after they have undergone chondrogenesis (94, 95) . It was also noted that the core region of the constructs was more conducive for chondrogenesis than the annulus, evident from gene expression and ECM synthesis (96) . These raise the possibility that predifferentiated MSCs further subjected to dynamic compression, could have a greater capacity to repair physeal defects, compared to the current practice of using predifferentiated cells only. Care must be taken in the designing of construct, to ensure even distribution of compressive forces.
Hypoxia
Chondrocytes found in the native physeal cartilage exist in a typical, low-oxygen environment. MSCs reside under hypoxic conditions in vivo, between 4% and 7% oxygen (97) and have shown excellent chondrogenic potential even under hypoxic conditions of 3% oxygen (98) . When the hypoxia-expanded MSCs were embedded in in situ solidifying gelatin hydrogels, the chondrogenesis was further enhanced, suggesting that MSCs, cultured and differentiated in hypoxic conditions managed to undergo chondrogenesis (99) . Hypoxia inducible factor (HIF) is reportedly necessary for chondrocytes to survive extremely low oxygen tension (100). HIF's involvement in MSC chondrogenesis was also proven when rat MSCs with siRNA knockdown of HIF-1alpha did not undergo chondrogenesis (101) . A study demonstrated that continuous exposure to low oxygen tension is a more potent pro-chondrogenic stimulus than 1h/day of dynamic compression for porcine MSCs embedded in agarose hydrogels (102) . The combination of hypoxia, with inflammatory IL-1beta also did not dampen chondrogenesis (103) . The protocol for MSC culture could include hypoxic conditions to further enhance MSC chondrogenic ability, prior to implantation into physeal defects.
Scaffolds
Multiple properties of scaffolds, including biodegradability and stiffness, could be flexibly altered to suit the needs of different defects. One scaffold material which has not been tested in physeal repair but has shown potential in articular cartilage repair is Oligo (poly (ethylene glycol) fumarate) (OPF) hydrogel, a biodegradable scaffold with high water content (104) . The implantation of biodegradable OPF hydrogel composites scaffolds alone resulted in zonally-organized hyaline-like tissue containing hypertrophic cartilage (105) . The addition of cartilaginous proteins into scaffolds have shown encouraging articular cartilage repair. An enhancement in expression of transcription factor Sox9 mRNA and downregulation of type I collagen mRNA were detected upon addition of HA and CS to alginate scaffolds (66) and the crosslinkage of CS to type II collagen scaffold increased the gene expression of type II collagen and aggrecan (106) . The combination of synthetic polymer polyethylene glycol (PEG) and natural biopolymers HA and CS have been reported to successfully create unique microenvironments which supported the differentiation of MSCs into zonal articular cartilage (107). In view of these findings, the usage of scaffolds incorporated with ECM components is another potential candidate that could be investigated in future physeal defect repair studies.
CONCLUSIONS AND FUTURE PERSPECTIVES
Strides have been made in research on physeal cartilage repair. An early intervention to restore the biological function of damaged physis is imperative, to prevent the occurrence of any growth disturbance. The challenge is the total and precise removal of bone bridge (s) and to consistently achieve regeneration of a well-defined zonally organized cartilage. The highly complex tissue structure of physes would benefit from synergized collaborations across different disciplines, to tap on various expertises. Cell biologists are trained in biochemical cues, while mechanical engineers could design and build composite scaffolds with specific, controllable degradation rates and properties. Chemists and material engineers could provide insight into biochemical compatibility and clinicians are well-attuned to the disease pathology and pathway leading to clinical trial. Hopefully, this will pave the way to the development of long-awaited, clinicallytested and approved MSC treatments for physeal injuries.
